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Exotic metastable phases of silicon formed under high pressure are expected to have 
attractive semiconducting properties including narrow band gaps that open up novel 
technological applications. Confined microexplosions induced by powerful ultrashort laser 
pulses have been demonstrated as an advanced tool for the creation of new high-pressure 
phases that cannot be synthesized by other means. Tightly focused laser pulses are used to 
generate localised modifications inside the material structure, providing the possibility for 
precise controlled bandgap engineering. In this study, non-invasive Raman spectroscopy was 
used for analysis of laser-modified zones in silicon and to determine the metastable high-
pressure phases contained. Low laser energies induced the formation of amorphous only 
silicon, while higher energies led to crystalline silicon polymorphs within the modifications, 
albeit under considerable residual stress up to 4.5 GPa. The presence of the structurally 
similar r8-Si, bc8-Si and bt8-Si phases is revealed, as well as other yet to be identified phases, 
and the stacking-related 9R Si polytype is evidenced, presumably stress-induced by the 
highly compressed laser-modified zone. The ab initio random structure searching approach is 
used to complementary calculate the Raman signatures and help to identify different Si 
polymorphs. These findings by Raman spectroscopy from ultrashort laser-induced 
microexplosion sites may yield novel insights into the local structure and properties of new 




Notice of Copyright: This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the 
U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, 
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or 
reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The 
Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE 




The discovery of metastable states of matter formed by powerful ultrashort laser pulses 
demonstrates a new pathway for creating exotic material phases with novel optoelectronic 
properties [1–6]. Ultrashort laser pulses (in the sub–picosecond time domain) focused tightly 
inside a transparent material can deliver energy at a density of several MJ/cm3 in a sub-micron 
confined volume. Such level of energy density results in conversion of the laser-heated material 
to a high pressure/temperature solid-density plasma, or Warm Dense Matter, where the initial 
crystalline state is completely destroyed with no memory of the original structural 
arrangements [4–6]. Relaxation to ambient conditions occurs through intermediate transient 
states of matter resulting in novel solid metastable phases recovered from high pressure. These 
phases form with greatly reduced thermodynamic and kinetic constraints compared with those 
that apply to near-equilibrium diamond anvil cell (DAC) and nanoindentation experiments. The 
material is subjected to transient pressures in the order of TPa, which is higher than the strength 
of any material, as well as temperatures in excess of 100,000 K and ultra-high cooling rates of 
~1014 K/s. At this level of energy concentration, new material phases with a modified energy 
bandgap can be formed, providing a possibility for precise controlled bandgap engineering with 
tuneable bandgap energy [6].  
Pressure-induced phase transformations of silicon (Si) has been studied extensively under 
static pressure conditions, both theoretically and experimentally, because of the potential of these 
new materials in electronic and photovoltaic devices [7–10]. The microexplosion approach offers 
the advantage of preservation of the chemical purity of Si and precise control over the size and 
position of the laser-modified sites. This is unlike the approaches of increasing absorption by 
surface texturing [11] and by shift of the bandgap via hyperdoping in the presence of gaseous 
SF6 [12], or by ion implantation of chalcogens followed by pulsed laser melting [13]. 
Recently, we evidenced the creation of several novel metastable Si phases by ultrashort laser-
induced confined microexplosions and demonstrated that these phases are preserved inside the 
surrounding pristine structure for subsequent studies and utilisation [3]. Transmission electron 
microscopy (TEM) revealed tetragonal bt8-Si (with an I41/a space group that is structurally an 
intermediate state between β-Sn-Si (I41/amd space group) and bc8-Si (Ia-3 space group)  [14] 
and with similarities to both bc8-Si and r8-Si (R-3 space group) [15]) and st12-Si (P43212 space 
group) which had been previously predicted in Si due to its existence within the very similar Ge 
system [16,17]. Furthermore, additional Si structures were observed but not characterised, noting 
that we also predicted four phases with quasi-direct bandgaps, two monoclinic m32 (P21c space 
group) and m32* (C2 space group) and two tetragonal t32 (P-421C space group) and t32* 
(P43212 space group), through the ab initio random structure searching (AIRSS) approach using 
the CASTEP code [18-20]. To date it has only been possible to synthesize small material 
quantities in microexplosion experiments. Nanocrystals of ~10 – 100 nm in size have been 
observed in a mixture of other Si phases, making detailed characterisation of fundamental 
physical properties of these new structures extremely challenging. 
Si under increased pressure undergoes a sequence of phase transitions, some of which have 
been identified only recently [3,7,8,14,21-23]. A peculiar property of Si is that upon 
decompression, the transition to the ambient diamond cubic (dc-Si, Fd-3m space group) state is 
not fully reversible: the -Sn-Si phase transforms under static conditions into r8-Si, a narrow 
band gap semiconductor [16] at around 9 GPa. In turn, from about 2 GPa, the r8-Si transforms to 
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bc8-Si, a semimetal [24]. These phases commonly coexist at ambient conditions. However, a 
form of amorphous Si (a-Si) can also result during relatively rapid decreases in pressure in a 
DAC or during nanoindentation [25,26]. 
In this paper Raman micro-spectroscopy is conducted across arrays of laser-induced 
microexplosion sites in search of the Raman signatures of new metastable Si phases. We present 
Raman spectra from modifications created from 35 J/cm2 to 150 J/cm2 of laser fluence and 
discuss the observed Raman features. Alongside strong signals from compressed dc-Si and a-Si, 
we observe peaks that correlate with a number of known phases including r8-Si, bc8-Si, peaks 
that are suggestive of twin-like stacking, and also peaks that do not match any described Si 
phases, and potentially including st12-Si and/or bt8-Si.  
 
II. EXPERIMENTAL RESULTS 
Ultrafast laser induced microexplosion experiments were performed using 170-fs, 790-nm, 1 
kHz repetition rate laser pulses from a Ti-sapphire MXR-2001 CLARK laser system. The laser 
pulses with energy up to 2.5 µJ were tightly focused onto a silicon surface protected by a 10 µm 
thick transparent oxide layer.  Each of the regions was irradiated by a single laser pulse with an 
energy in the range from 150 nJ to 700 nJ, which corresponds to a fluence range from 35 J/cm2 to 
150 J/cm2 on the Si surface. Below this energy range, the microexplosion conditions were not 
sufficient to produce a strong shock wave with a pressure above the Young’s modulus of SiO2 
and Si (~75 GPa and ~165 GPa, respectively) and thus to form a void surrounded by compressed 
material. The laser-modified sites of approximately 0.3 µm – 0.75 µm in size can be clearly 
optically detected – see Fig. 1(a). The appearance of cracks between the sites has been observed 
with increasing fluence, becoming common above 150 J/cm2. Thus, this fluence level determined 
the practical upper limit for the deposited laser energy in our experiments. The details of the 
experimental setup are described in [3] and the Supplemental Material. 
 
A. Observation of amorphous silicon 
The high-intensity ultrashort laser pulses deliver energy density up to several MJ/cm3 and 
induce a dense non-equilibrium plasma state in which crystallinity is completely lost. The 
submicron size of the modified sites subsequently allows rapid quenching via electronic heat 
conduction and the overcoming of kinetic barriers to the formation of metastable polymorphs, 
which are preserved in a surrounding compressed shell [3,4].  
At low fluence the quenching time is shorter than the time required for a crystal to grow, 
resulting in a-Si [3]. Typical results of Raman mapping of microexplosion sites made at 35 J/cm2 
are presented in Figure 1(b,c). The maps were produced of the same sites using the Raman 
spectral ranges associated to dc-Si in Figure 1b and a-Si in Figure 1c, the corresponding Raman 
spectra are in Figure 1d. Mapping the same area using different Raman frequencies, one 
correlated with a-Si and another one with dc-Si, demonstrates clearly that a-Si dominates within 
the laser-modified sites, which are surrounded by a pristine dc-Si matrix.  
As fluence increases, so does the modification size – see Figure 1(e,f). Each modification is 
visible with a dark dot at the centre, with a ring of a-Si around it. Crystal growth within the 
modified region becomes increasingly favoured under higher laser fluence. At 95 J/cm2 (Fig. 2e), 
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the void at the centre of the modification is large enough to be resolved, resulting in an apparent 
ring of a-Si. Finally, at 130 J/cm2 (Fig. 2f), the modifications are so large that the laser processed 
sites start to merge and a-Si tends to disappear.  The SiO2 had no observable influence on the 
Raman spectra collected, nor is there evidence of high-density oxides. 
 
 
FIG. 1. Optical image (a) and Raman (b, c, e, f) mapping of modifications induced on Si-
surface with different laser fluences from 35 J/cm2 to 130 J/cm2. (b) – Raman map of the sites 
formed at 35 J/cm2 taken in the 510-530 cm-1 range and showing the dc-Si distribution.  The map 
is coded in blue in correlation with the frequency range shown in (d). (c) – a-Si mapping of the 
same area taken in the 100-205 cm-1 range, coloured in red and marked in (d); Raman images of 
the a-Si distribution of the sites produced at 95 J/cm2 (e) and 130 J/cm2 (f). 
 
B. Raman signatures of metastable silicon phases 
A typical Raman spectrum, recorded from laser-induced microexplosion sites at a laser 
fluence of 95 J/cm2, is presented in Figure 2, and that at 65 J/cm2, is presented in Figure 3. The 
labelled peak positions are given in Table 1.  
(a) 35 J/cm2 (b) 35 J/cm2 (c) 35 J/cm2
(e) 95 J/cm2 (f ) 130 J/cm2
4 µm 4 µm4 µm
4 µm 4 µm
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FIG. 2. (a) Experimental Raman spectrum collected under confocal conditions from 
modifications created with a 95 J/cm2 laser pulse, which contains a-Si (in red) and dc-Si (in blue), 
and peaks from compressed dc-Si and crystalline metastable phases (labelled as P1 through P6). 
The peak positions are given in Table 1. (b-d) Computed Raman spectra for (b) r8-Si, (c) bc8-Si 
and (d) bt8-Si. 
 
 
Fig. 3. (a) Raman spectrum collected under confocal conditions from modifications created 
with a 65 J/cm2 laser pulse, which contains, a-Si (red) and dc-Si (blue), and peaks from 
additional crystalline metastable phases (labelled as Q1 through Q5). The peak positions are 
given in Table 1. (b,c) Computed Raman spectrum corresponding to bt8-Si (b) and st12-Si (c). 
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III  DISCUSSION 
A. Estimation of residual stress 
Given that modifications are created by a microexplosion with a compressive shockwave, it 
is no surprise that evidence of compression is observable by Raman spectroscopy. Several peaks 
beyond those of a-Si and dc-Si are evident in Figure 2a, namely, at 522 cm-1 and 539 cm-1, can be 
explained by compressive strain, which is known to cause the TO band of dc-Si to shift to higher 
wavenumbers [27,28]. Furthermore, this shift in peak position can be related to compressive 










TO  is the Raman shift in [cm-1] and P is the pressure in [kbar]. Inhomogeneity of 
strain throughout the sampled volume required three separate curves to more accurately fit the 
TO band. These are centred at unstrained 520 cm-1, and strained 522 cm-1 and 539 cm-1 values 
that correspond in the latter cases to a ~0.7 GPa and ~4 GPa compressive stress, respectively. 
Furthermore, both strained peaks are significantly broadened relative to the unstrained peak, 
further indicating inhomogeneity. Using Eq.(1), residual compressive stresses of over 4.5 GPa 
have been estimated from the dc-Si TO peak in this study. 
The ability to maintain a remnant compressive stress in the dc-Si on the order of 4 GPa is, 
however, significant. Assuming similar remnant stress within the other Si phases, this raises the 
prospect of the existence of highly compressed a-Si (that is, high density a-Si [29,30]) and the 
possibility of preserved r8-Si without the coexistence of bc8-Si. Although a residual pressure of 
~4 GPa may seem high, this pressure is similar to that reported in recent work where phase 
transformations in Si were induced via single axis loading using nanoindentation and a diamond 
tip [31]. This study revealed that the residual stresses allow the r8-Si phase to be dominant in the 
recovered material. It is thus conceivable that some of the novel phases created in the far from 
equilibrium conditions of this work also require large remnant stresses to be preserved in the 
sample after laser modification. Large residual stress will clearly impact the properties (electrical 
and optical) of novel phases. 
 
B. Laser induced crystalline phases. 
The crystalline phase assignment of the Raman P1-P6 peaks, observed in Figure 2a for 95 
J/cm2, are shown in Table 1 alongside bc8-Si and r8-Si peak positions from the literature. Note 
that as these phases often coexist and have many similar Raman features, phonon mode 
assignment can be difficult. The 3 GPa values are obtained from [32], where the ambient 
pressure values have been normalised to the indentation data [34] and the 3 GPa peak positions 
shifted accordingly. The 3.5 GPa values are direct measurements from [33]. The experimentally 
obtained peaks correlate well to those created by DAC with a 3-3.5 GPa external pressure after 
unloading to ambient pressure, and are in agreement with the predominantly r8-Si recovered 
from indentation loading [31]. It is noteworthy that at such elevated pressures additional phonon 
modes, absent in this work, are generally evident in DAC studies, such as in the low 
wavenumber region. Thus, the similarity of the observed peak positions to those of r8-Si and 
bc8-Si at moderate pressure suggests that a mixture of r8-Si and bc8-Si phases are present at 
residual pressures between 3 to 3.5 GPa. Reference [23] proposes that the structurally similar 
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phases of r8, bc8 and bt8 are highly likely to co-exist. Hence, the Raman spectrum in Figure 2 
may well contain all of these phases.   
 
TABLE 1. Peak positions from 65 J/cm2 and 95 J/cm2 as well a selection of the closest matching 
bc8-Si (Si-III) and r8-Si (Si-XII) peaks from high pressure DAC measurements at 3 GPa [32] and 




at 65 J/cm2 
Laser-induced 
microexplosion 
at 95 J/cm2 
Values from the literature 















        
        
Q1 162 P1 164 163 164 165 r8 / Ag 
  P2 169 168  170 r8 / Eg 
        
        
        
  P3 357 357 358 352 r8 / Ag 
        
Q2 393 P4 388 388 387 384 bc8 / Tg 
  P5 401 402 401 397 r8 
Q3 415   426  412 bc8 
Q4 443 P6 447 448 447 438 bc8 / Eu 





C. Novel Si signatures. 
The Raman spectrum, recorded from laser-induced microexplosion modifications created at a 
laser fluence of 65 J/cm2, is presented in Figure 3, and the labelled peak positions, are given in 
Table 1. It contains the peaks listed as Q1 through Q5 (Fig. 3(a) and Table 1) that resemble r8 
and bc8 Raman peaks from the literature, but the prevalent r8-Si peak located at ~357 cm-1 is 
absent in the spectrum. This is suggestive of highly deformed bc8-Si or similarly the presence of 
bt8-Si. In our previous TEM study [3], we observed the st12-Si phase in sites created at a laser 
fluence of 48 J/cm2, bt8-Si at 95 J/cm2, and it also revealed several diffraction spots that could 
not be indexed to known Si phases. DFT modelling has suggested some possibilities: namely, the 
monoclinic m32 and m32* structures and the tetragonal t32 and t32* structures [3]. Nevertheless, 
correlated TEM and Raman analysis, coupled with DFT modelling, may be needed to help 
identify any possible novel metastable allotropes of Si.  
The metastable phases of Si are such narrow band gap materials, this presents a challenge 
to the computation of the Raman spectra. The density functional theory (DFT) is well known to 
underestimate electronic band gaps, and, for the case of narrow gap systems, can even predict a 
metallic state. In an attempt to mitigate this aspect, we did not allow partial occupancy of the 
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electronic energy levels, and present our results for a range of Brillouin zone sampling densities: 
k = 0.03×2π/Å, 0.05×2π/Å and 0.07×2π/Å. Comparing the computed spectra for these different 
sampling densities allows us to assess the impact of metallisation due to the limitations of DFT. 
The predicted spectra are presented as broadened by a Gaussian with a width of 10 cm-1 for r8-Si, 
bc8-Si and bt8-Si in the Figure 2(b,c,d), and for bt8-Si and st12-Si in Figure 3(b,c). The peak 
positions are well described in all cases, but the Raman intensities are sensitive to the quality of 
the sampling, in particular for the bc8 and st12 structures, and the peak around 330 cm-1 for the 
r8 structure. Although the peak positions in the simulated spectra are in a similar wavenumber 
range to those in the experimental spectra, the match is not perfect for a number of reasons. First, 
DFT gives only approximate peak positions and around a 10% shift in the absolute peak 
positions is to be expected, particularly for narrow bandgap phases. Second, the spectra have 
been computed for structures relaxed at 0 GPa, but we demonstrated that the phases observed are 
under possible residual pressure. This would lead to further shifts in the peak positions and 
changes in the Raman intensities for computed spectra. Finally, there may be further phases of Si, 
for example the t32 and m32 phases described in [3], which should also be considered as having 
possible contributions to the experimental Raman spectra in Figures 2a and 3a. As a result, it is 
difficult to unequivocally assign the observed peaks to any of the phases calculated here. 
Nevertheless, the calculated peaks for r8, bc8 and bt8 occur in the same wavenumber range as 
the experimental values (particularly in the 350-460 cm-1 range). Based on the similarity of 
calculated r8, bc8 and bt8 Raman signatures, it is not possible to determine if bt8-Si is present or 
not and indeed, to distinguish between these three structurally similar tetragonal phases in Raman 
spectra. In summary, since bt8-Si was observed in TEM cross-sections in our previous study [3], 
we suggest that the Raman spectrum (Fig. 2a) may contain this phase, as well as r8-Si and bc8-Si, 
although it is impossible to determine the phase fractions of each of these phases.  
In Figure 3 the Q peaks are compared to the modelling of bt8-Si and st12-Si. The bt8 
modelling (b) resemble the Q peaks assuming that the bt8 peaks shift in a similar manner to the 
r8/bc8 due to residual stress. Thus, it is plausible that the experimental spectrum contains 
strained bt8-Si. It is worth examining the calculated st12-Si peak positions in Figure 3c and 
Table 2. The peaks located at 162 cm-1 (Q1), 393 cm-1 (Q2) and 415 cm-1 (Q3) correlate 
reasonably well but 433 cm-1 (Q4) and 490 cm-1 (Q5) do not. Further insight here can be gained 
by scaling the mass of known st12-Ge Raman peaks to estimate those of st12-Si based on the 
method of Bermejo and Cardona [35]. Indeed, using Eq.(1) in [36], and the experimental st12-Ge 
Raman data from Huston et al. [37], the estimated st12-Si spectrum was found to be in general 
agreement with the calculated st12-Si peak positions but does not fit the calculated spectrum or 
re-scaled germanium st12 in details. If the experimental spectrum does contain the st12-Si 
structure, this inconsistency is again most likely due to residual stress. However, it is also highly 
likely that the experimental Raman spectrum in Figure 3 contains an as yet unidentified Si 
polymorph. 
 
D. Evidence of 9R polytype. 
In addition to the crystalline phases described above, there were also many instances where 
two peaks located at 495 cm-1 and 517 cm-1 were observed, as shown in Figure 4, in 
microexplosion sites created at a fluence of 95 J/cm2. These peaks overlap with both the a-Si TO 
band and the dc-Si TO band and proved difficult to accurately fit. To aid the interpretation, a 
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suitably scaled strongly a-Si spectrum, similar to Figure 1d, is subtracted away from the recorded 
spectrum. The resultant curve fit for the region of interest is presented in Figure 4b. These peaks 
could be associated with hexagonal diamond Si (hd-Si P63/mmc space group), which has been 
widely reported to form after annealing of a mixture of r8 and bc8 and exhibits similarly located 
Raman peaks [38]. However, the 9R polytype (stacking ABCBCACAB...) has been shown to 
have a similar Raman signature [39], and the TEM selected area diffraction from this region, 
shown in Figure 5, shows a characteristic pattern of the 9R polytype, the [011̄ ] zone axis 
diffraction pattern of Si with the additional diffraction spots at 1/3 increments of the {111} spots.  
 
FIG. 4. (a-b) Raman spectra collected under confocal conditions from a modification created 
with a 95 J/cm2 laser pulse. (a) The entire spectrum is shown as recorded (in grey), and with the 
a-Si component removed (in black). (b) The region of interest with a-Si subtracted (solid black 
line), and the individual curves for the additional fitted peaks (in purple). 
 
Of these two possibilities (hd-Si and 9R stacking) the former is considered unlikely for the 
following reasons. hd-Si is known to arise from the thermal annealing of bc8-Si at temperatures 
around 200°C. After laser irradiation the fast temperature quenching of the sub-micron size 
modified zone indicates that the Si will essentially cool down to the solidification temperature in 
~27 ns after the laser irradiation. Taking into account the speed of crystallization as 15.5 m/s [40], 
the 1µm Si modification is crystallised in ~65 ns, and returns to ambient temperature in about 5 
µs (see supplementary of [3]). Thus, hd-Si is unlikely to arise from thermal annealing of bc8 
during or following the laser-induced microexplosion. In terms of heating during Raman analysis, 
this only had an observable influence with both greatly prolonged exposure times, and an order 
of magnitude higher laser power than was used for the results presented here. Finally, as stated 
and shown in Figure 5, 9R stacking was observed by TEM in samples exhibiting Raman peaks at 
495 and 517 cm-1, making a result of 9R stacking much more plausible. 
The question is how 9R stacking might arise in dc-Si in this study, and we suggest that it 
might be stress-induced and occur in dc-Si surrounding the highly compressed laser-modified 
zone. Indeed, pulsed laser melting of Si in the ns regime has shown TEM diffraction patterns 




FIG. 5 (a) TEM micrograph of a modification created by a laser microexplosion at 150 J/cm2 
with (b) a higher magnification of the Si region and (c) the corresponding TEM selected area 
diffraction pattern with (d) its indexing of the [011̄ ] zone axis. Filled circles indicate forbidden 
reflections due to double reflections, crosses indicate the satellites by stacking. 
 
IV. CONCLUSIONS 
This work has demonstrated that precise and controlled microexplosions created in a 
confined volume of Si by femtosecond laser irradiation leads to a variety of high-pressure Si 
allotropes. The main phase component observed in most modifications is a-Si, arising from rapid 
quenching at shorter cooling times, and this phase dominates at low laser fluences. As laser 
fluence increases, the modified material surrounding the void increases in volume and contains 
an increasing fraction of compressed crystalline Si phases. Such compression can lead to 
significant residual stress in the modifications, measured at up to 4.5 GPa from the Raman shift 
of the main dc-Si peak. Since the a-Si component is normally found adjacent to this compressed 
crystalline region, it almost certainly exhibits a higher density than relaxed a-Si under ambient 
conditions.  
Raman micro-spectroscopy has revealed several crystalline Si allotropes in addition to 
compressed dc-Si. We have demonstrated the presence for the structurally similar phases r8-Si, 
bc8-Si and plausibly bt8-Si or st12-Si, but it is impossible to determine the phase fractions of 
these phases from the Raman data. The r8 and bc8-Si crystalline allotropes have previously been 
observed in near-equilibrium DAC and indentation experiments, while bt8 and st12 were 
observed in microexplosion modifications using TEM, as were several additional phases such as 
m32, m32*, t32 and t32*. All these phases have interesting electrical properties of relevance for 
electronic applications. The absence of clear correlation with the unknown component in Figure 
3 is evidence of an as yet unidentified Si phase. Recently published theoretically calculations 
[23] indicates a family of very similar structures which could contribute to the spectra we 
observed in our experiments. In addition, we have demonstrated the presence of the 9R polytype 
in dc-Si, revealed by the Raman signatures of 9R stacking and TEM analysis. 
This study shows that residual stress may be important in stabilizing metastable Si allotropes, 
which could be important in prospective applications. Clearly, in order to identify such phases, 
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